 The ModelE2 GCM captures average Greenland surface mass balance (SMB) from a regional model, but there are differences in SMB components.
Introduction
In recent decades, ice sheets, in particular the Greenland ice sheet (GrIS) have been losing mass as shown by both satellite-derived and model estimates (Khan et al., 2015; Shepherd et al., 2012; Velicogna et al., 2017) . These mass changes have been linked to both changes in surface mass balance (SMB; the balance between accumulation, runoff, net sublimation and evaporation on the ice sheet surface, e.g. van den and changes in ice dynamics; the accelerated flow of ice sheets into the sea (e.g. Enderlin et al., 2014; Rignot et al., 2011) . For the GrIS, changes in SMB are estimated to have contributed to roughly 60% of GrIS mass loss for the period 1991 .
The best means of currently estimating spatially and temporally continuous fields of ice sheet SMB is through the use of regional climate model (RCM) simulations, forced at the lateral boundaries with reanalysis or GCM outputs as direct observations of these quantities at these scales are not currently possible (e.g. Fettweis et al., 2017; Langen et al., 2017; Lenaerts et al., 2012; Noël et al., 2015) . However, only general circulation models (GCMs), have the capability of fully capturing feedbacks between the ice sheets, atmosphere and oceans in future and historical simulations. GCMs also do not suffer from errors in energy and mass budget closure that occur in RCMs, but their representation of ice sheet processes is generally simpler, and they do not have the high spatial resolution needed to resolve the narrow ablation areas present on ice sheets (Church et al., 2013; Cullather et al., 2014) .
Future projections of ice sheet mass balance have therefore typically combined GCM outputs with simple energy balance models or positive degree-day models (e.g. Reeh, 1991) and ice sheet models (ISMs) to project future ice sheet mass change (e.g. Bindschadler et al., 2013; Nowicki et al., 2013) . More recent work has involved improving schemes within GCMs (Vizcaino et al., 2013; Lenaerts et al., 2013; Helsen et al., 2017) . The most recent iteration of the Ice Sheet Model Intercomparison Project-Phase 6 (ISMIP6) will include a set of experiments involving coupling between GCMs and ISMs (Nowicki et al., 2016) .
In view of the need for improved GCM simulations of ice sheet mass balance, we conduct a first evaluation of SMB simulated by the NASA GISS ModelE2 GCM , for which a scheme for ISM-GCM coupling is under development (e.g. Fischer et al., 2014) . To provide an indication of how ModelE2-simulated SMB and components compare with RCM simulations, we compare ModelE2 against outputs of an RCM forced with reanalysis data over the same 1996-2005 period. With the ultimate goal of improving model simulations of GCM SMB, we evaluate the impact of variations on the current ModelE2 simulation of the land ice surface on simulation of SMB components. Adjustments to model schemes are motivated by large differences in GCM vs. RCM melt, runoff, and sublimation. One adjustment includes a scheme for sub-grid-scale surface elevation classes (Fischer et al., 2014) , which mitigates the inability of the coarse resolution GCM to capture regions of high gradients in temperature and SMB along the GrIS margins. Similar schemes were employed in other studies (e.g. Vizcaino et al., 2013) but to our knowledge the relative importance of elevation classes to SMB at the GCM resolution has not been separately evaluated. We also test the impact of changes in surface albedo, which has been found to be particularly important for simulation GrIS SMB (e.g. Helsen et al., 2017; Cullather et al., 2014) . Finally, we examine the impact of changes to simulated surface roughness length on simulated evaporation and sublimation, as these quantities are high in ModelE2 relative to other models (Cullather et al., 2014) . As we focus on the surface, we do not perform detailed tests of the impact of other changes such as the effects of spatial resolution and various atmospheric parameters, but these are also important factors to consider in climate model simulations of SMB (e.g. Cullather et al., 2014; Ettema et al., 2009 ).
Models, Data and Methods

NASA GISS ModelE2 GCM
The NASA Goddard Institute for Space Studies earth system model ModelE2 (Hansen et al., 1983; Schmidt et al., 2014 Schmidt et al., , 2006 simulates components of the atmosphereland-ocean-ice system and the feedbacks between them, and has been found to agree well with global observations of radiative fluxes, temperatures, and atmospheric water vapor with some differences in cloud cover and latent and sensible heat fluxes .
The atmospheric physics parameterizations employed in this study include most of the updates differentiating ModelE2.1, which will be used in Phase 6 of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016) , from ModelE2 .
For the overall climate, the most impactful of these are a new boundary-layer treatment (Yao and Cheng, 2012) , modifications to the moist convection scheme (Kim et al., 2012) , the formulation of mixed-phase stratiform cloud processes, and re-generated lookup tables for longwave radiation from Rothman et al. (2013) . The model version used here has not been tuned to ensure global radiative balance, which will likely result in some differences in cloud features and radiative fluxes relative to ModelE2.1.
Simulations are performed with a spatial resolution of 2° latitude by 2.5° longitude (with grid cell dimensions of ~30 to ~140 km zonally by 220 km meridionally over the GrIS), with 40 atmospheric layers at fixed pressure levels up to 0.1 mb . We perform a simulation with climatological ocean surface temperatures, sea ice concentration, and atmospheric composition for the period 1996-2005, and free-running atmospheric variability. In Section 3.1, we provide a brief comparison with a simulation for which u and v winds were nudged (with a nudging coefficient of 0.001) to align with winds from the NASA Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al., 2017) for the 1996-2005 period.
We run 11-year simulations with various configurations of ice sheet parameters (see Section 2.4), excluding results from the first year of simulation to allow for model equilibration. To avoid inter-model differences in ice mask, the grid cell ice sheet topography and ice fraction are obtained by re-gridding MAR topography and ice mask (at a 25 km resolution, derived from Bamber et al., 2013 ) the ModelE2 grid using the conservative regridding scheme of Fischer et al. (2014) . In MAR each pixel is assigned a percentage ice cover. We define a binary ice sheet mask from MAR based on the criterion that a MAR ice sheet pixel has greater than 50% ice cover (following Fettweis et al., 2011) . The binary ice sheet mask on the MAR grid is then used to define percentage ice cover for each ModelE2 grid cell. This was necessary as sub-grid-scale ice fraction is accounted for in MAR, but a binary mask is required to define the elevation of ice cover for the elevation class scheme (Section 2.1.2). The mask results in the exclusion of small glaciers and ice caps, which contribute to 15-25% of overall Greenland SMB (Bolch et al., 2013;  Table S8 ). In this study, however, our main interest is in the contiguous GrIS. In sensitivity experiments, an elevation class scheme (Section 2.1.2) incorporates sub-grid-scale variations in ice sheet topography within the 50% mask from MAR. Below we describe relevant details of the Modele2 ice sheet surface model.
ModelE2 Ice Sheet Surface Representation
The land ice surface in ModelE2 is currently represented using a two-layer snow/ice model, described further in supporting information text S1. The top layer contains up to 28.3 cm of snow at a density of 300 kg m -3 , and 10 cm of ice. The bottom layer contains a fixed 2.9 m of ice. A simple densification scheme transforms excess snow into ice and passes excess ice to the oceans. This assumes an ice sheet in equilibrium, with net snow accumulation balanced by dynamic ice flow to the oceans (Text S1), a reasonable assumption for this study, which focuses only on surface processes. The model accounts for the transfer of energy and mass between the layers and evolution of subsurface temperatures (Hansen et al., 1983) . Meltwater and rainwater are not retained or refrozen within the snow but are assumed to be transformed into runoff, which is routed to the oceans. Figure S1 provides a schematic of the ModelE2 surface model, including the elevation class scheme discussed in the following section.
ModelE2 Elevation Class Scheme
In a set of sensitivity runs, we employ an elevation class (EC) scheme (Fischer et al., 2014) to increase the resolution of the ModelE2 surface model to account for sub-grid-scale variations in GrIS topography; and by extension, temperature, melt, and runoff. Such variations are important to capture, given the relatively coarse ModelE2 resolution and the narrow ablation area (which is generally less than 150 km wide (Lucas-Picher et al., 2011; Noël et al., 2016) .
The elevation class scheme defines a "grid" (a set of basis functions) over ice-covered areas by subdividing the GCM's grid along elevation contours defined by a high-resolution elevation dataset (in this case the MAR RCM 25 km resolution topography). This grid provides a computationally parsimonious way to represent functions that vary locally by elevation (e.g. runoff). The ModelE2 snow surface model is run on this grid. Each grid cell in the elevation grid corresponds to a single grid cell in the GCM grid and has a specific elevation that is within the range of elevations found in its "parent" GCM grid cell. We run simulations with two different configurations of this grid. In the first configuration (2 ECs) we use two elevations, for ice and non-ice areas derived from MAR, to isolate the impact of simply accounting for these different elevations. In the second configuration we use twenty
ECs at fixed 200 m intervals, from -100 m to 3,700 m above sea level, capturing the range of GrIS elevations. The choice of the number of elevation classes depends on the shape of the SMB curve along transects perpendicular to the ice edge (Fischer et al., 2014) . The spacing of SMB observations along the Kangerlussuaq (K-) Transect measurement site in west Greenland (Smeets et al., 2018) , and analysis of the MAR RCM (Franco et al., 2012) suggest that a 200 m vertical spacing is sufficient to capture sub-grid-scale SMB variability.
The elevation-dependent quantities temperature (T), pressure (P), and water vapor mixing ratio (q) are calculated by the atmospheric schemes in ModelE2 for the average elevation of each GCM grid cell. Therefore, at each coupling step, T, P, and q are downscaled to the elevation grid from the atmospheric fields according to the difference in elevation between each elevation grid cell and its corresponding atmospheric grid cell.
Temperature is scaled assuming a lapse rate () of 8 °C km -1 , which was chosen to allow temperature to vary smoothly across grid cells (Fischer et al., 2014) and is close to the average observed value of ~7 °C km -1 for the Greenland ice sheet (e.g. ).
In section 3.2 we briefly explore sensitivity to lapse rate. Surface pressure is scaled according to the hydrostatic principle, assuming a constant atmospheric scale height of 6.8
km (Leung and Ghan, 1998; Marshall and Plumb, 2008) . q is scaled according to variations in saturated specific humidity, assuming a constant relative humidity within each atmospheric grid cell. Scaling equations are provided in supporting information text S2.
Terms in the surface energy and mass balance equations, including net sensible and latent heat fluxes, upward longwave radiation and sublimation/evaporation are calculated on the elevation grid, and scaled to the atmospheric grid ( Fig. S1 ; Fischer et al., 2014) .
Currently, surface albedo does not vary on the elevation grid. Downward radiative fluxes, and the amount and phase of precipitation are also not scaled with elevation. Although the effects of these factors are likely smaller than that of temperature, they could influence spatial variations in SMB, and this is a limitation of the current scheme.
ModelE2 Surface Albedo Scheme
The ModelE2 radiation scheme makes use of six visible and near infrared spectral bands to compute albedo. The current scheme employs a fixed broadband albedo of 0.8 over land ice only, which we use for control simulations. In this scheme, visible albedo is set to a value of 0.95 and near infrared albedo for the remaining five spectral bands is set to 0.5855, yielding a broadband albedo of 0.8. In a set of sensitivity experiments, we vary this fixed albedo over an interval from 0.4 to 0.8, scaling the near infrared and visible albedo accordingly. Due to atmospheric effects, modeled albedo varies slightly by <1% from the specified values. A correction of -0.02 is also applied to the average broadband albedo account for zenith angle effects.
We also test a time-variable albedo scheme over land ice. This scheme is currently used in ModelE2 for snow-covered areas on land, and was previously used over land ice in
ModelE2, but yielded too much ablation of glacial surfaces. In this scheme, snow albedo ( s )
is defined over six spectral bands and decays exponentially with time, in a modified form of the equation of Hansen et al. (1983, Eqn. 40) :
( 1) where age s is the age of snow cover in days,  s,n is the albedo for a specific spectral band (n),  min,n is the minimum snow albedo for each spectral band, and f n is a factor that varies with wavelength. Wavelength ranges and parameters for Eq. 4 are shown in Table S1 in the supporting information.
A simple scheme is used to age the snowpack and decrease snow age as a function of the amount of freshly fallen snow in a timestep. Snow age increases daily according to:
where t is the length of a day. Snow age decreases with modelled precipitation according to:
where P is the amount of precipitation in kg m -2 in time t, which in this case is the 1800 s physics timestep.
For areas where the snow mass over ice is less than 10 kg m -2 , albedo values are linearly interpolated between the albedo of snow and the albedo of ice as a function of snow amount, assuming a snow masking depth of 1 cm water equivalent (Hansen et al., 1983, Eqn. 39 ). The ice albedo values for each band are taken to be the same as the minimum snow albedo (Table S1 , supporting information).
MODIS albedo
To further examine the impact of surface albedo we replace ModelE2 land ice albedo with a seasonally varying albedo derived from the Moderate Resolution Imaging Spectroradiometer (MODIS). For ease of use, we use the gridded MODIS dataset of Tedesco and Alexander (2013) , regridded on the MAR grid, and based on the MOD10A1 version 5 product from the NASA Terra satellite (Hall et al., 2012) , applying the MAR GrIS mask described in Section 2.1. These data subsequently regridded to the ModelE2 grid. We estimate that errors associated with regridding are less than 1%, given that MODIS pixels along the perimeter of a MAR grid cell represent ~8% of its area, leading to a <4% error in daily albedo, and that averaging to the ModelE2 grid and across multiple years reduces errors to <1%. MOD10A1 broadband albedo over the 0.3 -3.0 m range is computed from the daily MODIS observation that covers the largest fraction of a MODIS 463 m grid cell, and includes corrections MODIS wavelength bands effects, atmospheric effects and anisotropic scattering. We compute average MODIS June, July and August ( 
MAR Regional Climate Model
The MAR simulation used here (MAR v3.5.2; Fettweis et al., 2017 ) has a 25 km spatial resolution and is forced at the lateral boundaries and ocean surface with outputs from the ECMWF ERA-40 (1958 ERA-40 ( -1978 and ERA-Interim reanalysis in order to most closely approximate observed GrIS conditions, allowing it to function as a gridded stand-in for observations. MAR combines the atmospheric scheme of Gallée and Schayes (1994) with a Soil Ice Snow Vegetation Atmosphere Transfer Scheme (SISVAT) of DeRidder and Gallée (1998) , and the Crocus snow model of Brun et al. (1992 Brun et al. ( , 1989 . GrIS surface elevation is obtained from the digital elevation model of Bamber et al. (2013) . Crocus includes a dynamic layering scheme with 35 snow and ice layers, fluxes of mass and energy between them, and aggregation of layers according to snow properties. Within each layer, snow grain size and shape are computed from temperature, liquid water content and temperature gradients. These quantities are used to determine surface albedo, transmittance through the snowpack, and snow densification. Liquid water is allowed to percolate and refreeze within the snowpack.
Bare ice albedo is a function of surface meltwater production, ranging between 0.45 and 0.65.
MAR has been validated against in situ weather station data from the GrIS (Lefebre et al., 2003) and agrees well with remote sensing-derived surface melt (Fettweis et al., 2011) , surface albedo (Alexander et al., 2014) , and surface mass balance from ice cores and ablation stakes (Colgan et al., 2015) . Further details about MAR can be found in Fettweis et al. (2017) and references therein. Here we use MAR to evaluate general patterns and biases in ModelE2 SMB, given its relatively high spatial resolution and accuracy relative to in situ and remote sensing observations. To compare with ModelE2, MAR outputs are re-gridded to the ModelE2 2° x 2.5° grid using the conservative regridding scheme of Fischer et al. (2014) discussed in Section 2.1.2. 
Sublimation, Evaporation and
where is the standard deviation of sub-grid-scale topography (in meters) within a ModelE2 grid cell generated from a higher resolution topographic dataset (Hansen et al., 1983) . The roughness length for moisture, z 0,q for land and land ice is taken as proportional to z 0,m :
In MAR, GrIS surface roughness length is not based on large-scale topography, but depends on the contributions of the snow surface, snow density, sastrugi (undulations in the ice surface that result from wind redistribution), and snow erosion, as described by Gallée et al. (2001 . Further details are provided in Section S3 of the supporting information.
Values for momentum roughness length in MAR for Greenland are on the order of 10 -3 , while values for ModelE are on the order of 10 0 (supporting information Figure S2 (Fig. 1, Fig. 2 , Table 1 ). ModelE2 (Fig. 1a) captures general features of GrIS SMB from MAR (Fig. 1b,c) with net ablation along the GrIS margins, maximum SMB in the southeast, and other maxima in the northwest. The spatial correlation between the two maps (weighting SMB for ice-covered-area) is fairly high (r=0.69). However, a regional comparison reveals spatial differences (Fig. 1d) . SMB in ModelE2 is consistently lower than MAR across the GrIS interior, and ModelE2 exhibits a positive SMB bias along the margins. In some coastal grid cells, where ModelE2
underestimates ice elevation (Section 3.3), ModelE2 SMB is lower than MAR SMB. It should be noted that the fractional area of land ice is relatively small for these grid cells (Fig.   S3 in the supporting information), so their overall contribution to GrIS SMB is small.
There are also substantial differences between ModelE2 and MAR SMB components (Fig. 2 Table S2 ).
Spatial differences in SMB are controlled by SMB component differences (Fig. 3 , Figure S4 ). Lower ModelE2 SMB at high elevations (Fig. 1d) results from lower precipitation and to a lesser degree higher sublimation relative to MAR ( Fig. 3d,a; supporting information Fig. S4a,c) . Higher SMB in ModelE2 at lower elevations is a product of lower runoff and higher precipitation in roughly equal amounts, counteracted by higher Modele2 sublimation ( Fig. 3b,a ; supporting information Fig. S4a,b ). ModelE2 melt is also substantially lower at lower elevations where most GrIS melting occurs (Fig. 3c ).
To understand how the observed biases in components might be affected by differences in atmospheric circulation, we ran a simulation in which ModelE2 winds were nudged to align with those of the MERRA-2 reanalysis (E2-Nudged). The nudged simulation captures interannual variability in surface pressure (r=0.89) and temperature (r=0.65) from MAR reasonably well (supporting information Fig. S5 ), as well as SMB components except for sublimation + evaporation (which is very small in MAR) (Fig. S6 ), but the agreement is poorer for surface energy balance components (Table S4) , likely due to model biases in these quantities (Section 3.2). The nudging increases ModelE2 SMB by 137 ± 83 Gt yr -2 (supporting material Table S3 ).
The analysis suggests that forcing ModelE2 to better represent atmospheric variability does not substantially affect the conclusions of this study.
ModelE2 vs. MAR: Surface Energy Balance
To better understand potential reasons for differences in melt, runoff, and sublimation we examined components of the surface energy balance (SEB). Differences between surface energy fluxes simulated by ModelE2 and MAR are fairly small on average (Fig. 4 , Table S5 , supporting information), but there are larger spatial differences. Incoming shortwave (SW) radiation is lower in ModelE2 in northern Greenland and along the coast, while the opposite is true for incoming longwave (LW) radiation (Fig 4 a,b) . Figure 4h suggests that these differences may be associated with cloud cover, as a greater cloud fraction corresponds to lower incoming SW and higher LW radiation, an effect that is found in observations (e.g. van Tricht et al., 2016; Miller et al., 2017) . The largest mean differences in energy flux terms are from latent and sensible heat flux (Fig. 4 c,g ). These differences are consistent with global ModelE2 latent and sensible heat biases identified by Schmidt et al. (2014) , although that study did not include a regional assessment. Sensible and latent heat fluxes are not necessarily complementary (e.g. Lund et al., 2017; van den Broeke et al., 2011) , but in this case they happen to be. The similar and opposing patterns of sensible and latent heat flux differences are likely associated with differences in simulated turbulence, which affects both variables.
This effect is explored further in Section 3.6. The average surface air temperature (at 10 m above the surface) difference between the two models is fairly small overall (0.4 ± 1 °C), with larger local differences of up to ~5 °C (Fig. 4d) .
The spatial pattern of temperature differences is in some locations consistent with inter-model runoff differences (although the overall spatial correlation is low: r=0.1); warmer coastal grid cells in particular exhibit higher melt, and melt is underestimated for cooler grid cells slightly further inland. These differences cannot fully explain the large differences in some of the SMB components (e.g. melt and sublimation). To further understand potential sources of these differences and potential improvements to ModelE2, we discuss changes to the ModelE2 representation of the GrIS surface in the following sections.
Effect of Elevation Classes on ModelE2 SMB
Spatial resolution is often cited as an important factor in simulations of GrIS SMB (e.g. Cullather et al., 2014; Ettema et al., 2009; Lucas-Picher et al., 2012) . Adding surface elevation classes is a way to increase the spatial resolution of the surface model, at low cost.
Adding two elevation classes (ECs) to the ModelE2 control simulation (E2-2ECs vs. E2-control), separates ice elevation from the elevation of other grid cell surfaces. This has a fairly small impact on GrIS-wide SMB, raising SMB by 63 ± 91 Gt Yr -1 , primarily through a decrease in runoff (Fig. 2, Table 1 ). Figure 5 illustrates the reasons for this effect. In the E2-control a single average elevation is used for each grid cell. The elevation of land ice is generally greater than that of other surface types, and the 2EC simulation allows the ice elevation to be specified independently, resulting in a higher ice elevation (Fig. 5a ). This produces colder surface air temperatures (Fig. 5c ), a decrease in melt, and an increase in SMB (Fig. 5b) . Changes in SMB components at higher elevations are minor.
In the twenty elevation class simulation (E2-20ECs), SMB is lower than in the E2-2EC simulation (by 25 ± 117 Gt Yr -1 ). The reasons are again apparent in Figure 5 . In the E2-2EC simulation, the average ice elevation difference relative to E2-control is the same as in the E2-2EC simulation (Fig. 5a) . However, the E2-20EC simulation captures multiple subgrid-cell ice elevations, capturing nonlinear variations in temperature and runoff. The overall effect is a slight cooling of the surface (Fig. 5e) , and lower SMB relative to the 2EC simulation, with a mixed spatial effect (Fig. 5d ). On average, energy balance components, temperatures, and cloud fraction are not substantially affected by the addition of elevation classes (Table S5; Table S6 , supporting information) indicating a small impact on surfaceatmosphere feedbacks.
The net effect of including ECs is to produce realistic local SMB values, with relatively small GrIS-wide SMB changes. Other factors, such as surface albedo, could potentially modulate the SMB response (Section 3.5). The specified lapse rate (which is spatially and temporally variable; Fausto et al., 2009 ) is another potential modulating factor.
We tested the sensitivity of our results to lapse rates of 6 °C km -1 and 10°C km -1 , but found only small effects on SMB and energy balance components within the range of interannual variability (supporting information Table S7 ; Fig. S9 ).
A factor that is not substantially improved with ECs is precipitation ( Fig. 2 ; Table 1), which cannot be easily scaled according to elevation, but is affected by model resolution (e.g. Franco et al., 2012; Ettema et al., 2009 ). We evaluated a set of MAR simulations at lower spatial resolution (50 and 75 km) to test resolution effects (Section S4). The decrease in spatial resolution increases precipitation (consistent with Franco et al., 2012) , although relative to the magnitude of precipitation changes are small (<10% ice-sheet wide; Figs. S10 and S11; Table S8 ). The 75 km simulation enhances melt and runoff (by ~70%), likely due to a widening of the ablation zone due to a coarser resolution (similar to E2-control). Other studies have found larger precipitation effects (Ettema et al., 2009; Cullather et al., 2014; Lucas-Picher et al., 2012; Franco et al., 2012) . Understanding these effects still a challenge for GCM simulations. They are particularly important and should be the subject of additional work.
Effect of surface albedo on ModelE2 SMB
Surface albedo plays an important role in evolution of GrIS melt and runoff (e.g. Alexander et al., 2014; Helsen et al., 2017; Tedesco et al., 2008; van Angelen et al., 2012) .
We tested the impact of a spatially and temporally variable surface albedo on ModelE2-simulated SMB by (1) replacing the fixed surface albedo in the 20 EC simulations with daily average MODIS albedo (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) for June July and August (E2-Sat-), and (2) utilizing the age-dependent scheme described in Section 2.1.3 (E2--f(age)).
Using MODIS albedo in the E2-Sat- simulation captures lower albedo close to the coast, where melt and bare ice exposure during summer darken the surface (Fig. 6a) . The effect on average reflected shortwave radiation is small (-3±2 W m -2 ) and there is little change in other energy balance terms, cloud cover or surface temperature (supporting information Table S5 ). The changes are also small relative to interannual June through August variability (supporting information Fig. 6b ). The spatial pattern of SMB is also closer to that of MAR (r=0.78 for the spatial correlation vs. r=0.69 relative to E2-control); capturing an ablation area along the west GrIS coast (Fig. S12c) .
The age-dependent albedo scheme captures the spatial variability in MODIS albedo (r = 0.997; Fig. 6c ), but lowers albedo below the MODIS values (supporting information Fig.   S12b ), especially at higher elevations. Changes are small for surface temperature, cloud cover and energy balance components (Table S5) . SMB is reduced substantially (again in areas of lower albedo Fig. 6d, Fig. S12d ) by 266 ± 131 Gt Yr -1 relative to E2-20ECs with melt increasing by 240 ± 41 Gt Yr -1 to 370 ± 57 Gt Yr -1 (Fig. 2, Table 1, Fig. 6d ). The agedependent scheme, developed for seasonal snow cover, likely overestimates the decline of snow albedo with snow age in the pristine GrIS climate, where cold temperatures prevent rapid metamorphism of snow grains and impurity concentrations are low (e.g. Tedesco et al., 2016) .
Interestingly, although both simulations reduce local differences, neither of them brings ModelE2 estimated melt to the 579 ± 96 Gt Yr -1 value from MAR (Table 1 ; Fig. 2 ). It is likely that a key factor in the larger amount of melting in MAR is the presence of melt and rainwater refreezing and retention, absent in ModelE2, which both warm the snowpack (e.g. Humphrey et al., 2012) , increasing the likelihood of melt events.
Combined Effect of Elevation Classes and Varying Surface Albedo
To further understand how surface albedo and elevation classes interact, we performed sensitivity studies altering specified fixed ice sheet-wide albedo values over a range from 0.4 to 0.7. In each of these simulations, the surface model is run simultaneously over several sets of elevation classes corresponding to the 1 EC (control), 2 EC, and 20 EC cases. In these simulations the 1 EC and 2 EC simulations are effectively run offline while the atmosphere responds to the 20 EC simulation. This increases computational efficiency but ignores surface-atmosphere feedbacks for the 1 EC and 2 EC cases. These feedbacks are generally within the range of atmospheric variability as evidenced by the small effect of ECs on energy balance components and fields such as precipitation (Table S5 and S6; Table 1 ).
For these simulations, there is a fairly linear relationship between fixed ice sheet surface albedo and average GrIS SMB, with SMB becoming negative for the lowest albedo values (Fig. 7) . Adding 2 ECs raises average SMB, and 20 ECs lower SMB relative to the 2 EC case for all albedo values. However, the effect of elevation classes scales with SMB: the lower the albedo, the larger the impact of elevation classes. For example, for an albedo of 0.4, SMB is reduced by 198 ± 15 Gt Yr -1 (in the 20EC simulation relative to the 1EC simulation) but the reduction is only 44 ± 6 Gt Yr -1 for an ice sheet albedo of 0.8 ( Fig. 7 ; Table 1 ). Note that although the interannual variability increases with decreasing SMB as shown in Fig. 7 and supporting material Table S9 , the interannual variability on the difference is small because atmospheric forcing is the same for the different EC configurations. The average SMB values for the 1 and 2 elevation class cases are somewhat different from those in previous sections given that atmospheric conditions are for the 20 EC case. This analysis illustrates that under different atmospheric or surface conditions, incorporating elevation classes into a simulation could potentially have a stronger or weaker impact on SMB, modulating the response of SMB to declining surface albedo, for instance, by better capturing marginal surface topography. Incorporating elevation classes along with dynamic surface albedo could therefore play an important role in long-term simulations of GrIS SMB.
ModelE2 Sublimation and Surface Roughness Length
Sublimation (and/or evaporation) from the surface is an additional surface-related process marginally affected by changes in surface albedo and elevation classes. Model simulations generally estimate sublimation to be a small fraction of GrIS SMB (e.g. Cullather et al., 2014) and given a lack of available observations, it has been given little attention (Boisvert et al., 2017) . Sublimation represents a substantial portion of SMB in ModelE2
(34% for the E2-control simulation) as opposed to MAR (1%; Table 1 ). ModelE2 sublimation is much larger than that simulated by other GCMs and RCMs in the intercomparison of Cullather et al. (2014) . A recent satellite-derived estimate places GrIS sublimation at 14.6  3.6 Gt yr -1 for the 2003 to 2014 period (Boisvert et al., 2017) , which is closer to the MAR estimate from this study (6 Gt yr -1 ) than the ModelE2 estimates (170 to 180 Gt Yr -1 ), although an earlier estimate from Box and Steffen (2001) obtained from in situ measurements suggested GrIS sublimation to be 120 Gt yr -1 .
One possible explanation for these differences may lie in model estimates of surface roughness length. It is not very well constrained for the GrIS, and is sometimes adjusted in models to examine model sensitivity (e.g. Carlson et al., 2009) . For the same temperature or humidity difference a higher surface roughness length will lead to increased sensible or latent In the E2-z 0 -adj simulation, SMB increases substantially (+143 ± 97 Gt Yr -1 ) relative to the E2-20ECs simulation. Sublimation and evaporation are substantially reduced (by ~50%) from 173 ± 13 Gt Yr -1 to 94 ± 6 Gt Yr -1 (Fig. 2 , Table 1 ). Other factors also contribute to the SMB change but the changes are small relative to the interannual variability (Table 1 ). The largest changes in SMB occur along the coast, where sublimation is also generally higher (Fig. S13a ). There are also substantial changes in latent and sensible heat fluxes, bringing values closer to MAR (supporting information Tables S5 & S6) . We also tested the sensitivity to simulations in which roughness length over the GrIS is fixed at 3.5 x 10 -3 m and 0.01 m, roughly the range of roughness lengths for the GrIS in MAR. These changes have a relatively minor effect relative to the change in topographic dependence (Table S10 ; Fig. S13 , S14), suggesting that in addition to the large influence of the topographic roughness length effect, other as yet unidentified factors may be responsible for the inter-model differences.
Conclusions
The experiments discussed above indicate the importance of improving the Greenland ice sheet surface representation despite an agreement of within 5% between ModelE2 and MAR for GrIS average SMB, and the ability of the GCM to simulate spatial patterns of SMB with a freely evolving atmospheric circulation. An investigation of ModelE2 vs. MAR SMB components reveals large differences: ModelE2 melt is half that of MAR, but a lack of refreezing results in a similar amount of runoff. ModelE2 sublimation is more than 10 times that of MAR, and precipitation is higher by ~25 %. On average, differences in surface energy balance terms and surface air temperature are small; larger spatial differences may be associated with differences in the representation of atmospheric processes.
We find that sensitivity tests adding elevation classes (EC) do not substantially impact GrIS-wide SMB or its components, or the surface energy balance relative to the control simulation, but ECs do correct local SMB errors. The influence of ECs is also enhanced by other factors such as surface albedo, indicating their potential importance in long-term simulations. ECs are also important in enabling GCMs to produce a higher-resolution representation of SMB necessary for accurate simulation of the ice sheet dynamic response (e.g. Schlegel et al., 2015) . Meltwater refreezing is a large component of SMB in MAR and other models (e.g. Steger et al., 2017; van den Broeke et al., 2016) , accounting for roughly half of meltwater production, but is not accounted for in ModelE2. Refreezing warms the snowpack, providing energy for further melting. An improved representation of the ice sheet surface in ModelE2, including a simple refreezing scheme, is currently under development, and the impact of this new representation will be discussed in future publications.
There are also differences in precipitation and cloud cover between ModelE2 and MAR that may result from differences in model resolution and parameterizations for atmospheric processes in both models. It is possible that these differences, as well as a portion of the differences in melt and runoff could result from differences in representation of the atmosphere. Phenomena such as large-scale atmospheric circulation changes (e.g. Fettweis et al., 2013; Hanna et al., 2018) , cloud cover (e.g. Hofer et al., 2017; van Tricht et al., 2017) , and atmospheric river events (Mattingly et al., 2018) can impact GrIS SMB.
There is still, however, uncertainty in the role of atmospheric drivers in GrIS SMB. For example, Hofer et al. (2017) 
